Background and purpose: Conditioned pain modulation (CPM) is a testing paradigm representing features of diffuse noxious inhibitory control. There is large diversity in the paradigms applied to induce CPM, and the consistency in CPM responses assessed by different paradigms is largely unknown. We aimed to characterize and explore the associations between the CPM responses assessed by different paradigms in the same cohort. Methods: Thirty-three healthy middle-aged subjects underwent six CPM paradigms. The 'test-stimuli', consisted of thermal and mechanical modalities, using pain thresholds, suprathreshold pain and temporal summation types of measurements. The 'conditioning-stimulus' consisted of a contact heat stimulus applied to the thener of the left hand for 60 s at an intensity of 46.5
Introduction
Pain modulation processes have been recognized as a key factor in depicting the characteristics of the individual pain profile. One of the most explored mechanisms underlying the pain modulation system is the 'diffuse noxious inhibitory control' (DNIC), which is mediated by activation of the spino-bulbo-spinal loop [1] . The DNIC phenomenon is manifested as a decrease in pain sensation evoked by a 'test-stimulus' during or following the application of another noxious stimulus, termed the 'conditioning-stimulus'. This 'pain inhibits pain' phenomenon can be measured psychophysically in humans by the conditioned pain modulation (CPM) paradigm [2] . Less efficient DNIC was reported in various populations of idiopathic pain disorders, such as tempomandibular disorder [3] [4] [5] [6] ; irritable bowel syndrome [3, 7, 8] ; fibromyalgia [9] [10] [11] [12] [13] ; and tensiontype headache [14] . Furthermore, less efficient DNIC was found to be associated with a higher self-report of pain history among healthy subjects [15] . Less efficient CPM was also found to predict the development of chronic post-surgical pain [16, 17] response to some analgesics [18] . These findings further support the role of prospective assessment of CPM as a valuable laboratory test supporting assessment. Along with the growing interest in the potential clinical relevance of CPM, a large variability in the techniques applied to induce the CPM response can be found (see a review by Pud et al. [19] ); numerous types of 'test' and 'conditioning' stimuli are used to evoke CPM, with different psychophysical measures (pain threshold, pain scores of supra-threshold stimulus, pain tolerance, or temporal summation), various stimulation modalities (thermal, mechanical, electrical, or ischemic), and different body sites. Moreover, a large variability is found in the CPM extents [19] , probably due to the use of different paradigms in the different laboratories. This study was conducted to address the question of consistency of individuals' expression of their pain modulation when induced by a variety of test protocols. We, therefore, aimed to characterize the results of CPM responses evoked by different paradigms in one cohort.
Methods

Subjects
Participants were 33 healthy subjects (18 women and 15 men), mean age 52.4 ± 7.5. They were recruited by advertisement and met the following inclusion criteria: (1) absence of chronic pain history; (2) no use of analgesic or psychiatric medication on a regular basis; (3) ability to communicate and understand the instructions of the study; and (4) age above 40. Subjects were asked to refrain from pain relief medications in the 24 h prior to the experimental trial.
Study design
The study was approved by the local Ethics Committee, and informed consent was obtained from all of subjects prior to the first experiment. The present study was part of a bigger research project involving ten CPM paradigms conducted in four sessions, each lasted approximately 1 h. The sessions were separated by at least three days. Here we present the analyses obtained from six different 'test-stimuli' used in parallel to a single 'conditioningstimulus', The CPM paradigms were performed in random order by three examiners (H.N.-A., E.G., and P.D.), who were blind to the CPM results measured by the other examiners, Subjects completed the personality questionnaires in the first session.
Fifteen minutes after the initial administration of the 'teststimulus', the 'conditioning-stimulus' was delivered by contact heat, which was applied to the non-dominant thenar eminence for 60 s at an intensity of 46.5 • C. Subjects were asked to verbally rate their pain intensity, using a 0-100 Numerical Pain Scale (NPS), three times during the first 30 s of the stimulus (at 10, 20, and 30 s). The final pain score was calculated by averaging these three pain ratings. In parallel to the last 30 s of the 'conditioning-stimulus', the 'test-stimulus' was repeated. The CPM response was calculated as the difference between the pain scores of the two 'test-stimuli' (during the 'conditioning-stimulus' minus before it). A negative value for CPM response represents pain reduction with a more efficient CPM response. Each paradigm was termed according to the chosen 'test-stimulus'. The six CPM paradigms are presented in Table 1 .
Characteristics of the various 'test-stimuli'
Heat pain threshold (HPT)
Two contact heat stimuli were delivered to the dominant volar forearm, using the Thermal Sensory Analyzer (TSA) 2001 system (Medoc, Ramat Yishay, Israel), with a 30 × 30 mm Peltier surface stimulator. The rate of temperature increase was 1.5 • C/s, and the rate of its return to baseline (32 • C) was 10.0 • C/s. Subjects were instructed to identify the point when the stimulus was first perceived as painful by pressing the 'stop' button on the response unit. Heat pain threshold (HPT) was calculated by averaging the threshold temperatures ( • C) of two successive trials.
Pressure pain threshold (PPT)
Mechanical pressure stimulus of increasing intensity was applied to the forearm using a pressure algometer (Somedic, Sweden) with a probe diameter of 1 cm. The subjects were instructed to press the 'stop' button at the point when the stimulus was first perceived as painful. The pressure pain threshold (PPT) was calculated by averaging the threshold pressure (kPa) of four successive trials.
Heat pain (HP)
Tonic heat pain (HP) stimulation was applied to the dominant volar forearm, using TSA with a 30 × 30 mm Peltier surface stimulator. The stimuli were administered at the intensity of pain60, which is the temperature that induces pain scoring at a magnitude of 60 on a 0-100 NPS. The pain60 temperature was determined individually in the dominant volar forearm before application of the HP stimulation (for more details, see Granot et al. [20] ). The 'test-stimulus' was delivered 10 min after determining the pain60 temperature. The rate of increasing and decreasing the temperature from the baseline was 2 • C/s. The stimulation was applied for 30 s, during which subjects were asked to verbally rate their pain intensity on an NPS at 10, 20, and 30 s. The final 'test-stimulus' pain score was determined by averaging these three pain ratings.
Pressure pain (PP)
Pressure pain (PP) stimulation was applied to the volar forearm, using a pressure algometer (Somedic, Sweden). Stimuli were administered at the pain60 intensity, which is the kPa value that induces pain scoring at a magnitude of 60 on a 0-100 NPS in the dominant volar forearm. The 'test-stimulus' was delivered 10 min after individually determining the pain60 intensity. Subjects were asked to verbally rate their pain intensity on an NPS at the peak of this phasic stimulus. The final pain scores were determined by averaging the results of two trials.
Mechanical temporal summation (mTS)
In order to evoke mechanical temporal summation (mTS), a train of 10 identical pinprick stimuli was delivered to the dominant volar forearm, using Von Frey monofilaments (Stoelting, Wood Dale, IL) of 6.45 Nm (225.1 g). The stimuli were administered at an interstimulus interval (ISI) of 2 Hz within an area of 1 cm 2 . The subjects were asked to verbally rate their pain intensity on an NPS for the first pinprick stimulus and then for the last stimulus in the series of ten. The mTS value was calculated as the difference between the pain scorings obtained for the last and the first pinprick stimuli (last minus first).
Thermal temporal summation (tTS)
In order to induce thermal temporal summation (tTS), a series of 10 brief repetitive supra-threshold thermal stimuli was applied to the thenar eminence of the dominant hand, using the Pathway (Pain & Sensory Evaluation System, Medoc, Israel), with a 27 mm diameter round probe. Stimuli were administered at the pain60 intensity, with an inter stimulus interval (onset-to-onset) of 2.5 s and a plateau duration of 0.7 s. The adaptation temperature was 39 • C, the increase rate was 20 • C/s, and the decrease rate was 40 • C/s. Last minus first rating was calculated as tTS.
Statistical analysis
Statistical analyses were performed using SPSS (SPSS Inc., Chicago, IL, USA, version 15). The CPM response was calculated as the difference between the pain scores of the two 'test-stimuli'. A negative value for CPM response represents pain reduction with a more efficient CPM response. Paired t-test was used in order to compare the difference between the 'test-stimulus' before and during the 'conditioning-stimulus'. Since the various CPM paradigms applied in the current study represent diverse physical units (i.e., • C, NPS, kPa), we standardized the response in each of the CPM paradigms into z-scores using the formula: z = (x − )/<sigma>, where x was the raw CPM response, was the mean of the population and <sigma> was the standard deviation of the population. This procedure allows us to more easily graphically compare differences in individual responses across paradigms. Furthermore, we examined the correlations between the CPM responses obtained by the different protocols, using Spearman's correlations with the Bonferroni correction for multiple comparisons. Regression analyses were performed for each CPM paradigm in order to examine the effects of gender, age, and painfulness of the 'test-stimulus' and the 'conditioning-stimulus' on the CPM responses. Data are presented as means ± standard deviation. Statistical significance was defined as p < 0.05. Table 2 presents the 'test-stimuli' values obtained before and during the 'conditioning-stimulus', as well as the pain scores obtained for the 'conditioning-stimulus' and the CPM response in physical units for each paradigm. As shown in the table, an efficient CPM was observed for the PPT and tTS modalities, while no significant effect was found for the other modalities in this cohort.
Results
Characteristics of the CPM response
No role for gender or age was observed in relation to the CPM magnitude in any of the paradigms. A regression model examined the pain60 intensity and the painfulness of the 'test-stimulus' and the 'conditioning-stimulus' as predictors for the CPM response. The intensity required to evoke pain60 (in the HP, tTS and PP paradigms) was not found to predict the CPM response (p = 0.490, p = 0.252, and p = 0.350, respectively). As for the painfulness of the 'test-stimulus', higher pain sensitivity was related with higher CPM response in the HPT (p = 0.039), the tTS (p < 0.001), and the mTS (p = 0.002) paradigms, while no such relationship was observed in the PPT, HP or PP paradigms. In addition, the pain levels of the 'conditioning-stimulus' did not predict the CPM response in any of the paradigms, and no difference was found between the pain scores of the 'conditioning-stimuli' obtained in the different six CPM paradigms [F = 1.77, (df = 2, 191), p = 0.121].
Correlations between CPM responses across paradigms
Notwithstanding our expectation that the use of a single cohort would result in correlations, at least between some of the test paradigms, no significant correlations were found between any of the CPM responses (Table 3) . It should be noted that no significant Table 3 Correlations between the six CPM responses (not corrected for multiple comparisons). correlations were found even before correcting for multiple analysis. According to power analysis, however, this correlation would have survived the Bonferroni correction had the sample size been increased to about 100.
Given that in the raw data of the PPT paradigm all subjects demonstrated pain inhibition, it was used to better illustrate the pattern of consistency and the intra-individual characteristics of the CPM response across the various paradigms. Each CPM response was transformed into z score and were plotted to examine their distribution pattern. This was done by assigning black and white colors, respectively, to the most and the least efficient CPM responses (see Fig. 1 ). It can clearly be seen in Fig. 1 that individuals do not sustain a certain profile of CPM efficiency, but rather exhibit a more efficient response in some modalities and a less efficient response in others.
Discussion
Despite the growing interest in the clinical relevance of descending inhibition, as tested via CPM, it remains unclear as to which psychophysical test paradigm best reveals the individual profile of pain modulation. The recent reviews by Pud et al. [19] and van Wijk and Veldhuijzen [21] on the various measurements and modalities currently used for this purpose point to the lack of studies employing more than one CPM paradigm in the same cohort. The present study was conducted to expand our knowledge about the response patterns of different CPM paradigms assessed in the same sample of healthy subjects. Since most of the relevant pain patients are older than the standard university student cohorts enrolled for experimental pain studies, and since CPM response decreases with age [22, 23] , we specifically targeted subjects above age 40.
We tried to decrease the variability by using uniform 'conditioning-stimuli' because the effect of the 'conditioningstimulus' on the CPM response has already been demonstrated. Granot et al. [24] showed a positive correlation between the CPM responses induced by two types of 'conditioning-stimuli'. Two other studies revealed higher CPM responses for the cold pressor test as compared to muscle pain, mechanical pain, or tourniquet pain [25, 26] . Furthermore, an animal study showed distinct DNIC responses induced by two different 'conditioningstimuli', namely, electrical and inflammatory. Although both paradigms induced robust DNIC responses, they were distinct in their underlying neurotransmitter-related mechanisms. Specifically, the DNIC induced by the electrical stimulation was blocked by ␣2-adrenoreceptor antagonist, whereas the DNIC induced by hypertonic saline was reversed by both naloxone and ␣2-adrenoreceptor antagonist [27] .
The findings of these studies indicate that the application of different 'conditioning-stimuli' may activate different descending inhibitory pathways influencing the extent of the CPM response. Therefore, we focused on the 'test-stimuli' by using a variety of modalities and psychophysical measures and maintaining uniform 'conditioning-stimuli'. Our findings revealed lack of correlations, as well as considerable variability in CPM response, across the various Fig. 1 . Characteristics of the CPM distribution for each paradigm. We assign black and white colors to the most and the least efficient CPM responses, respectively according to the CPM response in the PPT paradigm. The rest of the CPM responses are colored in gray. For each subjects an inconsistent response pattern of more efficient CPM response in some paradigms and a less efficient in others is observed.
paradigms under these conditions. Thus, these findings point to the central role of the choice of modality and the type of psychophysical measure of the 'test-stimulus' in determining the CPM response.
Methodological characteristics can influence the variability in the CPM responses in several ways. First, different stimulation modalities may activate the peripheral nerve fibers (A␤, A␦ or C) in a different manner, thereby activating different nociceptive pathways that have varying impacts on the central nervous system [28] . Second, a specific modality might evoke a certain cognitive and/or emotional response, based, for example, on the subject's past pain experience, which may activate a different facet of inhibition [29] . Finally, some of the inter-modality variability may also be attributed to genetic factors. For example, Diatchenko et al. [30] noted that the COMT polymorphism of met/met homozygotes is associated with greater thermal temporal summation as compared to that of val/val homozygotes. Such an association, however, was not observed in response to pressure or ischemic pain modalities. Thus, the capacity of pain modulation is a multifaceted trait that can be expressed differently in response to the application of different CPM paradigms. As such, it is expected that various CPM test paradigms will provide different levels of sensitivity and specificity in characterizing the endogenous modulation capacity of individual patients, though this outcome cannot be discerned by the current study performed with healthy subjects.
Comparative studies of various 'test-stimuli' in the CPM paradigm have been minimally done. Lindstedt et al. [31] examined the CPM response assessed by three types of 'test-stimuli': pressure pain threshold, heat pain, and nociceptive flexion reflex. A significant correlation was found between the pressure pain threshold and heat pain CPM responses. However, no correlations were found with the nociceptive flexion reflex CPM response and the aforementioned CPM paradigms. Our results are in partial agreement with this report, and this discrepancy may be attributed to the different methodologies used in CPM assessment. In their study, the 'conditioning-stimulus', ischemic pain, lasted for 2 min and during this period, the three 'test-stimuli' were delivered in a non-randomized order and with only 1-min inter-stimulus breaks. Moreover, the CPM for the heat pain was calculated only on the basis of pain ratings reported after 30 s [31] . These differences in the observed correlations emphasize the effects of methodological considerations on the CPM response. Since our psychophysical data cannot dissect neuroanatomical structures, we can only assume that the CPM response is not a single, uniform response. Therefore, the relevant recommendation for future studies centered on clinical purposes is to use more than one 'test-stimulus'.
In our concept, there is a continuous spectrum of the CPM response, between pain inhibition on one end, and pain facilitation on the other. This represents the normal variation among individuals. The technicalities of the various testing paradigms determine the range of results per protocol used. Thus, for some protocols the distribution of results is more in the inhibitory range, while for other protocols, the opposite happens. Therefore, we do not think that an overall inhibitory response is a requisite for a certain protocol to be considered relevant. Rather, it is the clinical application that will eventually direct researchers to prefer the use of a certain paradigm. The protocol used in Yarnitsky et al. [16] consisted of a different, more robust, conditioning stimulus that might have contributed to the more inhibitory response to the paradigm.
The significance of our findings should be considered with an awareness of several study limitations. First, we tested a relatively small sample of subjects due to difficulties in recruiting middle-aged, pain-free healthy subjects. Second, although all subjects were assessed in the same setting, the lack of correlations may have been the result of low session-to-session reliability of CPM responses. Third, inter-examiner variation may have affected the CPM responses, given the administration of the CPM paradigms by three different experimenters. However, it should be noted that all three experimenters were trained by the same person and used the same instructions. Moreover, the tests were randomly administered in order to minimize possible inter-test and interexperimenter bias [32, 33] . Despite the aforementioned limitations, our results highlight important methodological issues in regard to CPM testing.
Conclusions
In the current study variability in the CPM responses was observed. This may suggest that the capacity of pain modulation is a multifaceted trait, whose expression varies with the application of different CPM paradigms. Conclusions about which CPM paradigm better reveals the individual efficacy of endogenous analgesia should be reached according to the relevance of a given paradigm in the clinical setting. The CPM paradigm considered as the most relevant in terms of reflecting endogenous analgesia efficacy may be the one that can predict a patient's risk of developing a pain disorder or that can provide greater benefit from a specific pain intervention. However, this understanding has not yet been fully achieved. Until more solid clinically relevant data are available, CPM assessment in the clinical setting should be further investigated via the application of several CPM paradigms using different modalities.
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